Study Design. Human cadaveric biomechanical study. Objective. The aim of this study was to evaluate the biomechanics of lumbar motion segments instrumented with the CD HORIZON Spire Z plate system (Spire Z), a posterior supplemental fixation spinous process plate, alone and with additional fixation systems. Summary of Background Data. Plates and pedicle screw/rod and facet screw implants are adjuncts to fusion. The plate limits motion, improving segmental stability and the fusion microenvironment. However, the degree to which the plate contributes to overall stability when used alone or in conjunction with additional instrumentation has not been described. Methods. Standard nondestructive flexibility tests were performed in 7 L2-L5 human cadaveric spines. Spinal stability was determined as mean range of motion (ROM) in flexion/extension, lateral bending, and axial rotation. Paired comparisons were made between five conditions: (1) intact/control; (2) Spire Z; (3) Spire Z with unilateral pedicle screw/rod system (Spire ZþUPS); (4) Spire Z with unilateral facet screw system (Spire ZþUFS); and (5) Spire Z with bilateral facet screw system (Spire ZþBFS). Stiffness and ROM data were compared using one-way analysis of variance, followed by repeated-measures Holm-Šidák tests.
M
ultiple spinal fixation strategies have been developed to maximize segmental stability and achieve interbody fusion in the lumbar spine. Both anterior and posterior approaches have proven efficacious in attaining fusion, with supplemental pedicle screw fixation being the standard method for stabilization. Alternative posterior approaches developed in the recent past include cortical screws, translaminar facet screws, transfacet pedicle screws, interlaminar stabilization devices, and interspinous fusion devices. [1] [2] [3] [4] [5] [6] Interspinous fusion devices were developed as a lessinvasive alternative to posterior fixation. Prior biomechanical studies report that spinous process stabilization may disperse motion stress placed on the facet joints by functioning as a buttress and posterior tension band, particularly in flexion and extension 7 ; however, proximity of the device to the axis of rotation limits its resistance to lateral bending From the and axial rotation. 7 Some clinical studies corroborate this biomechanical evidence. 8, 9 Strategies that improve the stability in lateral bending and axial rotation provided by stand-alone interspinous fusion devices include supplementation with pedicle or facet screw fixation.
The CD HORIZON Spire Z spinal system (Medtronic, Inc., Memphis, TN) is a novel spinous process plate intended for use as an adjunct to fusion. The plate is intended to limit motion, and thus improve segmental stability and the microenvironment for attaining fusion; however, the degree to which an interspinous process device such as the Spire Z contributes to overall stability of the fused motion segment when used with or without additional posterior fixation options is unknown.
The objective of this study was to compare the stabilizing effect of Spire Z on flexion-extension, lateral bending, and axial rotation range of motion (ROM) with and without additional posterior fixation using pedicular and transfacet fixation.
MATERIALS AND METHODS

Specimen Preparation
Seven human cadaveric L2-L5 specimens were used: two male and five female. Mean age and standard deviation was 53 AE 5 years (range 46-60 years). Dual energy x-ray absorptiometry scans were performed on the L3 vertebra of each specimen to assess bone mineral density. The mean bone mineral density was 0.847 AE 0.116 g/cm 2 . From screening of medical records provided by the suppliers of cadaveric materials, plain film radiographs, and direct inspection, it was ensured that no specimen had any obvious pathology that might affect biomechanics, such as metastatic disease, osteophytes, disc narrowing, or joint arthrosis.
Specimens were wrapped in plastic bags and stored at À208C until tested. The specimens were thawed in a bath of normal saline at 258C and carefully cleaned of muscular tissue while keeping all of the ligaments, joint capsules, and discs intact. For testing, the exposed endplate and facet articulations of L5 were reinforced with household wood screws and the screw heads and part of the vertebral body were embedded in a cylindrical metal fixture using fastcuring resin (Smooth-Cast; Smooth-On, Inc., Easton, PA), and attached to the base of the testing apparatus. The L2 vertebra was similarly embedded in a cylindrical metal fixture for pure moment load application.
Testing Conditions
Spire Z, as well as pedicle screw/rod and facet screw implants, are intended to be used as adjuncts to fusion. In this study, however, the implants were used without any interbody devices to compare the relative contributions of the individual supplemental fixation implants. Five conditions were tested: (1) intact; (2) Spire Z ( Figure 1) ; (3) Spire Z with unilateral pedicle screw/rod system (Spire ZþUPS); (4) Spire Z with unilateral facet screw (Spire ZþUFS); and (5) Spire Z with bilateral facet screw system (Spire ZþBFS). Order and laterality of the unilateral fixation (2 and 3) were randomized; Spire ZþBFS was performed last. Testing of each specimen took place over the course of 1 to 3 days. If a second or third testing day was required, specimens were refrigerated overnight to preserve their mechanical properties. The spinous process plate was composed of two titanium alloy (Ti-6Al-4 V) plates with opposing spikes, enabling purchase on adjacent spinous processes for fixation. The plates were connected to a polyaxial stem with an offset, for purchase along several levels ( Figure 1 ). The size of the Spire Z plate used was either 36 or 41 mm. The 6.5-mm pedicle screws (CD HORIZON SOLERA Spinal System; Medtronic, Inc.) were used with a 4.75-mm diameter cobalt chrome rod. The 4.5-mm facet screws (Anchor FS Facet Fixation System; Medtronic, Inc.) used were either 35 or 40 mm. All implants were implanted according to the manufacturer's recommendations and tools using standard surgical techniques.
The Spire Z device was implanted using a midline incision above the spinous processes, and elevating the musculature and other soft tissues to expose the spinous processes. An inserter/compressor device was then used to place the plates on either side of the adjacent spinous processes and compress the implant spikes into the bone. A break-off screw was tightened against a central shaft holding the two plates together. For each specimen, lateral and anteroposterior fluoroscopy was used to verify correct screw trajectory.
Biomechanical Testing
In all conditions tested, specimens were studied using standard pure moment flexibility tests. For these tests, an apparatus was used in which a system of cables and pulleys imparts nondestructive, nonconstraining torques in conjunction with a standard servohydraulic test system (MTS, Minneapolis, MN), as we have described previously. 3, 10 This type of loading is distributed evenly to each motion segment, regardless of the distance from the point of loading. 11, 12 Loads of 7.5 Nm maximum were applied about the appropriate anatomical axes to induce three different types of motion: flexion-extension, lateral bending, and axial rotation. Three preconditioning cycles were applied at 7.6 Nm for 60 seconds to allow for creep in each loading direction, to ensure appropriate settling at the instrument-bone interface, and to improve reproducibility of the results. During data collection, load was applied quasistatistically in 1.5-Nm increments, with each incremental load held for 45 seconds to a maximum of 7.5 Nm. Three-dimensional (3D) specimen motion in response to the applied loads during flexibility tests was determined automatically at 2 Hz using the Optotrak 3020 system (Northern Digital, Waterloo, Ontario, Canada). This system measures stereophotogrammetrically the 3D displacement of infrared-emitting markers rigidly attached in a noncollinear arrangement to each vertebra. Custom software converts the marker coordinates to angles about each of the anatomical axes in terms of the motion segment's own coordinate system. 13 Spinal angles were calculated using a technique that provides the most appropriate results for describing 3D spinal motion. 14 In instrumenting specimens with each construct, fluoroscopy was used to ensure correct positioning of the instrumentation. Data were normalized so that left represented rotation toward the screw, and right represented rotation away from the screw.
Analysis
ROM was statistically analyzed using one-way analysis of variance, followed by repeated-measures Holm-Š idá k tests, to determine whether outcome measures were significantly different among the various conditions of instrumentation. The level for statistical significance was set at P < 0.05.
RESULTS
No fractures were observed in specimens, nor did any screws or rods demonstrate signs of fracture, loosening, or breakage in any of the tested conditions.
Intact Versus Instrumented
Mean angular ROM for all test conditions including the Spire Z alone was significantly reduced (P 0.04) when compared with the intact condition in all directions of loading (Table 1, Figure 2) , with the exception of lateral bending when only Spire Z was used (P ¼ 0.07).
Intergroup Comparisons
All constructs demonstrated similar reductions in angular ROM in flexion and in extension, with no significant difference between the instrumented groups ( Table 2) . Spire ZþBFS trended toward a greater reduction in flexion compared to Spire Z and Spire ZþUFS; however, the differences were not statistically significant. In lateral bending, the Spire ZþBFS and Spire ZþUPS constructs were not significantly different, and demonstrated statistically significantly greater ROM reduction compared with the intact, Spire ZþUFS, and Spire Z test conditions (Table 1, Figure 2 ; P < 0.001). The Spire ZþUFS and Spire Z conditions were not significantly different. Spire ZþBFS demonstrated less angular ROM in combined axial rotation in comparison with Spire ZþUPS (P ¼ 0.025), Spire ZþUFS (P ¼ 0.001), and Spire Z (P < 0.001). No significant difference was observed between Spire ZþUPS and Spire ZþUFS (P ¼ 0.21); however, Spire ZþUFS demonstrated a significant reduction in axial rotation compared to Spire Z (P ¼ 0.013). 
DISCUSSION
The purpose of this study was to evaluate the stability of lumbar motion segments instrumented with the Spire Z, Spire ZþUFS, Spire ZþUPS, and Spire ZþBFS. The Spire Z spacer provided the greatest resistance to flexion and extension motion, reducing both on average to less than 1 degree regardless of the presence or type of secondary augmentation used in the current study. A significant difference was also observed in axial rotation, yet no significant difference was observed between the intact and Spire Z condition in lateral bending. The added pedicle screw (Spire ZþUPS) reduced ROM relative to Spire ZþUFS during lateral bending (P < 0.001), yet demonstrated equivalence in axial rotation between the same two conditions. This result was likely due to the difference in stabilizing potential between insertion of a cantilever into bone (UPS), versus simply pinning the joint (UFS) and leaving the joint mobile to pivot around the point of fixation. Using a BFS construct (Spire ZþBFS) seemed to overcome this limitation, showing a trend toward reduced ROM compared with other tested constructs; however, the difference was statistically significant only for axial rotation and lateral bending. Bilateral pedicle screw (Spire ZþBPS) stability was not tested in the current study because of overlapping trajectories. This study is corroborated by Wang et al 6 The authors compared the CD HORIZON Spire spinal system to unilateral and BPS constructs, finding the greatest stability of the device in flexion/extension, comparable to UPS and BPS systems. In their study, the Spire device did not demonstrate reduction in lateral bending and axial rotation relative to intact, whereas in the current study the Spire Z condition significantly reduced motion compared with the intact case in combined axial rotation. This observed difference cannot be explained by the different footprints of these two devices. Spire has an oblong footprint, whereas Spire Z has an ''Z''-shaped footprint for a slightly reduced profile on the spinous process; therefore, other variables must have contributed to these results. In addition, the current study did not confirm their finding of equivalent performance in lateral bending between the Spire Z and Spire ZþUPS conditions, instead showing smaller reduction in lateral bending with the Spire Z compared with Spire ZþUPS, and equivalence compared with the Spire ZþUFS conditions.
As has been reported for interspinous devices, our data reflect the benefit of bilateral and unilateral fixation in attaining maximal stability in axial rotation and lateral bending. Techy et al 15 demonstrated significantly reduced ROM in axial rotation and lateral bending of ASPEN (Lanx Inc., Broomfield, CO)þBPS compared with the stand-alone ASPEN; however, the reduction with ASPENþUPS was not significantly different than ASPENþBPS, whereas it was significantly different than the stand-alone ASPEN in axial rotation and lateral bending. Although in the current study the Spire Z device was not evaluated in the setting of lumbar interbody fusion, other studies have reported similar findings for the ASPEN interspinous device in the presence of transforaminal lumbar interbody fusion (TLIF), 16 anterior lumbar interbody fusion, 7 and posterior lumbar interbody fusion. 17 Although no prior studies have evaluated interspinous devices augmented with posterior fixation by transfacet screws (TFS), biomechanical studies have demonstrated the stability offered by this alternate trajectory. In a comparison study of BPS and bilateral TFS with and without anterior lumbar interbody fusion, Agarwala et al 1 reported that although TFS provided adequate fixation, BPS trended toward higher stiffness in lateral bending and axial rotation. Both Agarwala et al 1 and Ferrara et al 2 report greater relative gain in stability in flexion with TFS than BPS. Although in the current study we were unable to compare Spire ZþBFS and Spire ZþBPS, there was no difference between Spire ZþUPS and Spire ZþUFS in flexion/extension. In addition, we found that Spire ZþBFS and Spire ZþUPS had a significant advantage over Spire Z and Spire ZþUFS in lateral bending, whereas the two unilateral constructs appear were not significantly different in axial rotation. In contrast, Zheng et al 18 described greater reduction in axial rotation using TLIFþTFS compared to TLIFþBPS; the authors concluded, however, that despite the statistically significant difference between ROM in axial rotation between pedicle and facet screws, the difference was neither biomechanically nor clinically significant, surmising that the two screw trajectories demonstrated similar overall stabilizing potential. 18 A central limitation of this cadaveric study includes the ability to evaluate only the immediate stability of in vitro segmental fixation. Other factors may affect construct longevity or fusion success. Another limitation of this study was the lack of true randomization, as the facet screw trajectory intersected with the pedicle screw trajectory; as a result, only the laterality of unilateral fixation was randomized, with BFS being placed last out of necessity. BPS was not used due to overlapping trajectories of facet screws into the pedicle path. 1 Although it was possible to use cortical screws as another alternative form of secondary fixation, such a construct was not evaluated in the current study. In addition, limited sample size of the current study may affect the results and limit the generalizability of our findings, particularly given the average donor age, heterogeneity of underlying disease processes, and variable bone quality. As a consequence of variable specimen anatomy, different sized instrumentation was used to best fit each specimen, thereby introducing additional variability in the interpretation of biomechanical results. Further clinical studies are needed to clarify our in vitro understanding of this system's biomechanics and contextualize them in the setting of clinical practice.
CONCLUSION
The Spire Z device provided significantly reduced ROM in flexion and extension as well as axial rotation compared with the intact condition. The use of UPS and BFS as additional posterior fixation further significantly reduced ROM in axial rotation and lateral bending. All constructs resulted in significant reduction in ROM compared with intact spines, except lateral bending. Additional and longerterm clinical studies are required to confirm these biomechanic findings.
Key Points
Spire Z is a posterior, nonpedicle, supplemental fixation, spinous process plate intended as an adjunct to fusion. Spire Z alone was most effective in limiting flexion and extension; however, it was less effective in limiting lateral bending and axial rotation.
Spire ZþBFS afforded the greatest stability, particularly in axial rotation.
